Introduction
Driven by the ever -increasing demand for nonracemic chiral chemicals, the development of effi cient methods to provide enantiomerically enriched products is of great current interest to both academia and industry [1 -3] . Among the various approaches employed for this purpose, asymmetric catalysis constitutes one of the most general and appealing strategies in terms of chiral economy and environmental considerations [4 -9] . Over the past few decades, intense research in this fi eld has greatly expanded the scope of catalytic reactions that can be performed with high enantioselectivity and effi ciency. Consequently, thousands of chiral ligands and their transition metal complexes have been developed for the homogeneous asymmetric catalysis of various organic transformations. Despite this remarkable success, however, only a few examples of asymmetric catalysis have been developed into industrial processes, and today most chiral chemicals are still produced from natural chiral building blocks or through the resolution of racemic mixtures. The main concern for this situation is the need for reusable chiral catalysts for industrial implementation. Due to the high cost of both the metal and the chiral ligands, systems that allow the straightforward separation of expensive chiral catalysts from reaction mixtures and effi cient recycling are highly desirable. Whilst this is particularly important for large -scale productions, unfortunately it is usually very diffi cult to achieve for homogeneous catalytic processes. Another major drawback often associated with homogeneous catalytic processes is that of product contamination by metal leaching; this is particularly unacceptable for the production of fi ne chemicals and pharmaceuticals. Heterogeneous asymmetric catalysis -including the use of immobilized homogeneous asymmetric catalysts and chirally modifi ed heterogeneous metal catalysts for enantioselective reactions -provides a good way to resolve such problems and has recently attracted a great deal of interest [10, 11] . In this chapter we will briefl y survey the fi eld of heterogeneous asymmetric catalysis by summarizing the main features of some typical techniques at an introductory level. When relevant, we will present our personal comments on weighing up their strengths and limitations, though without delving into too much detail. For in -depth discussions and a comprehensive elaboration of each technique, the reader is referred to excellent recent reviews [12 -16] and the ensuing chapters in this handbook, all of which have been written by scientists with expertise in these areas of research. The application of immobilized biocatalysts (including enzymes) in enantioselective organic synthesis, although representing an important fi eld of catalytic research, is beyond the scope of this book.
The term catalyst immobilization can be defi ned as ' the transformation of a homogeneous catalyst into a heterogeneous one, which is able to be separated from the reaction mixture and preferably be reused for multiple times ' . The main goal for the development of an immobilized chiral catalyst is to combine the positive aspects of a homogeneous catalyst (e.g. high activity, high enantioselectivity, good reproducibility) with those of a heterogeneous catalyst (e.g. ease of separation, stability, reusability). Over the past few decades, a number of strategies have been developed for this purpose. Depending on whether the modifi cations are made on the catalyst structure or on the reaction medium, the immobilization techniques can be categorized into two general classes, namely heterogenized enantioselective catalysts and multiphase (or monophase) catalysis in nonconventional media (Figure 1 .1 ). The immobilized chiral catalysts can be further subdivided into several types:
• Insoluble chiral catalysts bearing stationary supports such as inorganic materials or organic crosslinked polymers, or homochiral organic -inorganic coordination polymeric catalysts without using any external support.
• Soluble chiral catalysts bearing linear polymer supports or dendritic ligands.
• Chiral catalysts with some form of nonconventional reaction medium as the ' mobile carrier ' , such as aqueous phase, fl uorous phase, ionic liquid or supercritical carbon dioxide (scCO 2 ).
In the latter case, these liquids can form biphasic systems with the immiscible organic product liquid, thus giving rise to the possibility of an easy isolation and recovery of the chiral catalysts by phase separation. An important option to the biphasic catalysis is asymmetric phase -transfer catalysis ( PTC ), where a nonracemic chiral additive is applied to increase the mobility of a given catalyst or reactant into a favored phase and furthermore control the stereochemical outcome. Although, in general, catalyst recycling is somewhat diffi cult in PTC systems, it represents a distinct type of heterogeneous asymmetric catalysis.
In order to apply an immobilized chiral catalyst to a chemical process, it is often necessary to make a critical evaluation in terms of its activity, productivity, enantioselectivity, stability, ease of recovery and reusability, and so on. An ideal immobilized catalyst should not only exhibit activity and selectivity comparable or superior to its homogeneous counterpart, but also be easily recoverable from the reaction stream without metal leaching, and reusable for many runs without any loss of catalytic performance. Unfortunately, this is seldom found in real -world cases, and numerous problems can occur during the immobilization of a homogeneous catalyst. For example, in a supported chiral catalyst, one often -observed negative effect is the lower catalytic activity (even complete deactivation) compared to a homogeneous catalyst, as a result of the poor accessibility of the active sites in the solid matrix. On the other hand, the geometry of an optimized homogeneous catalyst can be unintentionally disturbed by interactions with the support, and this often leads to a negative change in enantioselectivity. For these reasons, it is a common practice to use a linker of suffi cient length to connect the complex and the support, so that the complex can move far away from the solid surface and into the liquid phase.
One general requirement for the reusability of any recoverable catalyst is that both the support material and the catalytic sites must be suffi ciently stable to maintain the catalytic activity during the recycling process. Any type of poor stability in the catalytic moiety or the linker part and/or incompatibility of the support with the solvent may result in leaching of the metal and/or ligand. For this reason, the support material and the linkage for immobilization should have good mechanical, thermal and chemical stabilities in order to withstand the reaction conditions used in the catalytic process. In addition, the issue of the robustness of the complex itself can be nontrivial. Immobilization is sometimes found to decrease complex degradation by virtue of steric constraints imposed by the supporting matrix, and thus may improve the stability of an immobilized catalyst relative to its homogeneous analogues. Nevertheless, this benefi cial effect of immobilization on catalyst stability cannot be taken for granted, as other factors -such as the presence of strong acids or oxidizing or reducing reagents or other harsh conditions -may lead to demetallation or ligand degradation of the complex. For these reasons, the stability issue of an immobilized catalyst must be addressed on a case -by -case basis, by including the data on catalyst leaching into the product phase for assessing the potential degree of catalyst decomposition. Despite these diffi culties, major efforts continue to be made to develop more effi cient and practical immobilization methods for homogeneous chiral catalysts. In this regard, numerous immobilized asymmetric catalytic systems have been examined over a broad range of reactions, and a number of innovative techniques for chiral catalyst immobilization have emerged during the past two decades. In favorable cases, higher enantioselectivities and/or improved effi ciencies were observed with a heterogeneous than with its homogeneous analogue [17 -19] .
Common Techniques for Immobilization of Homogeneous Asymmetric Catalysts

Chiral Catalyst Immobilization on Inorganic Materials
By far the most commonly used immobilization method is to support the active chiral catalyst onto or into an insoluble solid, which can be either an inorganic solid or a organic polymer. Several distinct types of strategy, featuring covalent bonds or noncovalent interactions (e.g. physisorption, electrostatic interactions, H -bonding), have been employed for linking the complex to the solid support, either onto the external surface or into the interior pores (Figure 1 .2 ). Each of these immobilization strategies has advantages and limitations with respect to the others. Covalent bonding linkage ( Figure 1.2 a) is the most frequently used strategy by far, and is generally assumed to furnish the strongest binding between the complex and a support. However, it is synthetically demanding since generally some special functionalization of the ligand is required, either for grafting to a preformed support or for forming an organic polymer by copolymerization with a suitable monomer. In contrast, a major advantage of noncovalent immobilization in general is the ease of catalyst preparation, often without the need for prior functionalization of the ligand. Adsorption (Figure 1.2 b) represents a very facile immobilization method, as a simple impregnation procedure can be suffi cient to furnish the heterogenized catalyst. Nevertheless, catalysts immobilized via adsorption tend to be nonstable when only weak van der Waals interactions are present, and this often results in extensive catalyst leaching due to the competing interactions with solvents and/or substrates. Immobilization by electrostatic interaction (Figure 1 .2 c) is another common and conceptually simple technique, which is applicable to heterogenization of ionic catalytic species. Here, the solid support can be either anionic or cationic, and the catalyst is adsorbed by ion -pairing. 
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Various supports with ion -exchange capabilities have been used for this purpose, including organic or inorganic ion -exchange resins, inorganic clays and zeolites. Although this approach can provide relatively stable immobilized catalysts, it is still limited to the catalysts which can lend themselves to immobilization through electrostatic interaction. Furthermore, competition with ionic species (either present in or produced during the reaction) in solution may result in catalyst instability and leaching. Finally, the catalytic complex can also be entrapped within the pores of some solid matrix (Figure 1.2 d) . In this entrapment methodology, the size of the metal complex relative to that of the window or tunnel of a porous solid is the factor of paramount importance, leading to a mechanically immobilized catalyst. This can be accomplished by preparing the complex in well -defi ned cages of a porous support, or alternatively by building up a polymer network around a preformed catalyst. Although conceptually very elegant, the entrapment strategy is relatively complex to implement compared with the other methods, and the size of the substrate molecules may cause diffusion problems in the catalysis. In summary, it is diffi cult to predict whether a covalent or a noncovalent immobilization would be preferential for a given catalyst. Although covalent bonding remains the most popular approach to chiral catalyst immobilization (mainly due to stability advantages), examples illustrated in the following chapters in this Handbook have shown that noncovalent immobilizations are gaining increasing recognition as a feasible way to achieve good stability and reusability as well as high selectivity and activity of an immobilized chiral catalyst.
One major drawback of the insoluble solid -supported chiral catalysts is that, in many cases, lower reactivities and/or poorer enantioselectivities were obtained as compared with the corresponding homogeneous catalysts. However, recent results have shown that the reverse can also be true by correctly choosing the support/ complex combination, even though this was largely achieved by trial -and -error rather than by rational design. A salient feature of the insoluble solid -supported catalysts is their easy recovery. In a batch operation, the solid -supported catalyst can be isolated from the reaction mixture by simple fi ltration, and in some cases can be reused for subsequent reaction cycles until deactivated. Alternatively, the heterogeneous catalysts can be employed in a continuous -fl ow reactor, with the advantages of easy automation and little or no reaction work -up [20 -23] .
Inorganic solids such as silicas, mesoporous solids (e.g. MCM -41, SBA -15), zeolites and clays have been widely used as supports for the immobilization of various homogeneous chiral catalysts [14, 24 -30] . Depending on the properties of the complex and the structure of the support, the immobilization strategies can encompass the whole spectra of aforementioned interactions, from physical entrapment to covalent bonding. For example, zeolites are crystalline microporous aluminosilicates with interior cavities accessible to small reactants from the solution. A chiral metal complex with a suitable size can be assembled inside the zeolite cavity and entrapped snugly there for catalysis, as escape by diffusion through the small windows is very diffi cult. One advantage of the zeolite -entrapped catalyst is that the zeolite can impose shape selectivity to the catalytic system; that is, only those substrates with appropriate size and shape can reach the catalyst and react. Zeolite entrapment may also lead to a better catalyst stability as a result of protection of the inert framework. However, zeolite entrapment of a homogeneous chiral catalyst often leads to a decrease in enantioselectivity, presumably by a negative steric infl uence of the cage walls. Alternative inorganic solids were also examined as supports, for example, to immobilize the catalytic complex on the external surface of an nonporous solid such as amorphous silica, or in the interior of porous solids with void dimensions larger than zeolites. The immobilization of an electrically charged homogeneous complex by electrostatic interaction with the surface of the inorganic support is an attractive method owing to the experimental simplicity of the procedure. In this regard, lamellar solids bearing charged layers (clays such as montmorillonite K10, laponite or bentonite) have been used as supports to immobilize a variety of charged chiral metal complexes via simple anionexchange procedures.
Usually, these immobilization approaches do not necessarily require special functionalization of the ligand part. In contrast, immobilization by covalent binding of a catalyst to an inorganic support is generally accomplished by reacting complementary functional groups -one located on the solid and the other at the complex moiety -to create a new covalent bond connecting the solid and the complex. Although a large variety of functional groups have been shown to be applicable for this purpose, and despite strong immobilization (not necessarily) being expected, the approach suffered from the major drawback of a need for extensive organic synthesis. Therefore, immobilization by covalent binding would be preferential only if the stability and reusability of the resulting catalyst were to be signifi cantly improved relative to other methods.
The use of inorganic solids can demonstrate certain advantages over other types of support. In general, the rigid framework can prevent the aggregation of active catalysts which sometimes leads to the formation of inactive multinuclear species. The chemical and thermal stabilities of the inorganic supports are also superior, rendering them compatible with a broad range of reagents and relatively harsh reaction conditions. Compared with organic polymeric supports, inorganic solids are generally superior in their mechanical properties, which makes them less prone to attrition caused by stirring and solvent attack. One negative aspect of an inorganic solid -immobilized chiral catalyst is the extreme diffi culty in the characterization of the catalytic species, apart from common problems suffered by heterogenized catalysts.
The use of an inorganic support for the immobilization of homogeneous chiral catalysts has been a steadily expanding area of research during recent years, as evidenced by the numerous examples described in Chapter 2 . In some cases, the heterogenization of a chiral catalyst onto an inorganic material has not only provided a facile vehicle for catalyst recycling, but also has signifi cantly improved the catalytic performance in terms of activity, stability and/or enantioselectivity by virtue of the site -isolation and confi nement effect. Taken together, it is expected that this immobilization technique will continue to play an important role in the development of highly effi cient heterogeneous chiral catalysts in the future.
Chiral Catalyst Immobilization Using Organic Polymers
The use of organic polymer support s (either soluble or insoluble) for (chiral) catalyst immobilization is an area of considerable research interest, and is also the subject of many excellent reviews (see also Chapter 3 ) [31 -43] . To date, a wide variety of polymer -supported chiral complexes have been prepared and tested over a broad spectrum of synthetic reactions. Some systems have demonstrated catalytic performances (activity and selectivity) rivaling their homogeneous counterparts in certain model reactions, with the additional advantages of easy recovery and reusability. By virtue of its good chemical inertness, ready availability and ease of functionalization, polystyrene crosslinked with various amounts of p -divinylbenzene ( DVB ) is the most popular insoluble organic polymer support used in chiral catalyst immobilization. For the covalent immobilization of a homogeneous catalyst to an insoluble polymer support, two different approaches have been employed, depending on whether the polymer is formed in or before the process. One approach is to use a solid -phase synthesis, starting with a preformed functionalized polymer and anchoring the suitably derivatized chiral ligand or complex by stepwise assembly of the components. A wide array of commercially available functionalized polymers with a large variety of functional groups including chloromethyl, hydroxyl, amino, thiol or pyridine rings can be used for this purpose, and a large number of chiral ligands have been immobilized to the polystyrene support using this method. Alternatively, the insoluble polymer bearing the active complex can also be prepared by copolymerization of styryl derivatives of the chiral ligand or complex with styrene and divinylbenzene.
Compared to an inorganic support, the usually low surface area of an insoluble organic polymer may limit the interfacial contact between the supported complex and the substrate. Some polymer particles can be mechanically fragile or brittle, which constitutes some limitations encountered in the recycling of polymersupported catalysts. It is generally accepted that the conformational infl uence, steric and polarity factors of the polymer backbones can provide a unique microenvironment for the reactants. The polymer supports have sometimes been found to exhibit benefi cial impact on the catalytic reactions, leading to an enhanced selectivity and/or improved stability of the catalyst. However, in most cases, the exact role of the polymeric backbone (e.g. the linker or the degree of crosslinking) in the catalytic behavior of an immobilized metal complex is not clear and remained to be clarifi ed.
Despite the well -known advantages of insoluble supports, there are several drawbacks in using these solids as supports for chiral catalysts due to the heterogeneous nature of the reaction conditions. The catalyst resides in the solid phase while reactants are in solution, which can often result in a decreased reaction rate owing to diffusion problems. Furthermore, the matrix effect of the solid support, though sometimes favorable, is diffi cult to predict and can often lead to lower enantioselectivities for the immobilized chiral catalysts than those for their homogeneous counterparts. Last, but not least, most of the insoluble catalysts developed so far still lack a full characterization, as the inherent heterogeneity of solid -phase systems precludes the use of many traditional analytical techniques. For these reasons, in recent years the use of soluble polymer -supported reagents and catalysts has gained signifi cant attention as an alternative method to traditional insoluble -bound catalysts [44 -52] . Soluble polymer -supported catalysts often have advantages of more facile characterization, allowing for (at least in principle) catalyst characterization on soluble polymer supports by routine analytical methods. Furthermore, the reactivity and selectivity of the soluble polymer -supported catalysts are somewhat (though not necessarily) predictable by virtue of the homogeneous nature of the solution -phase chemistry, and can be as high as those of their low -molecular -weight counterparts. Poly(ethylene glycol) ( PEG ) and noncrosslinked polystyrene are the most often -used polymer carriers in the preparation of soluble polymer -supported chiral catalysts. Although, anchoring of the chiral ligand/complex may be made directly to the polymer support with suitable functional groups, a linking group is often employed to impart anchor stability throughout synthesis and/or to improve accessibility to reagents. The immobilization is usually accomplished via coupling chemistry of the functionalized chiral ligands/complexes and the support. An interesting variation is that of chiral rigidrod polymers containing binaphthyl groups as the catalyst supports, where the chiral groups are an integral part of the polymer ' s main chain; these have also been used as soluble and recoverable polymer -bound chiral ligands/catalysts [53, 54] .
One potential problem with the use of soluble polymers as recoverable catalyst supports is how to isolate the polymer from the reaction mixture. This is usually accomplished by using the various macromolecular properties of the support. Most frequently, the homogeneous solution after the reaction is simply diluted with a poor solvent (i.e. it has a poor solvating power for the polymer support), and this can induce precipitation of the polymer catalyst. The resulting heterogeneous mixture is fi ltered to isolate the polymer -supported catalyst, which can be recharged with the reactants and solvent for subsequent cycles of reactions. A variety of separation techniques have been employed to recover a soluble polymerbound catalyst or ligand, and the reader is referred to an elegant review on this topic [48] .
Dendrimer -Supported Chiral Catalysts
Dendrimer s are a class of macromolecules with highly branched and well -defi ned structures, and have recently attracted much attention as soluble supports for (chiral) catalyst immobilization [55 -65] . As stated above, the catalysts anchored onto or into insoluble supports often possess an uneven catalytic site distribution and partly unknown structures, and generally suffer from diminished activity due to the mass transfer limitations. Dendrimers, on the other hand, allow for the precise construction of catalyst structures with uniformly distributed catalytic sites -a feature which is very valuable when performing an analysis of catalytic events and mechanistic studies. It is also possible to regulate the numbers and locations of the catalytic centers at the core or at the periphery, and to fi ne -tune the size, shape and solubility of dendrimers by ligand design, both of which are crucial for the catalytic performance of the system. Moreover, as soluble support dendrimers can, in principle, lead to catalytic systems with activities and selectivities similar to their monomeric analogues. Since the seminal publication by Brunner in 1994 -1995 on the use of chiral dendritic catalysts in asymmetric catalysis [66, 67] , research in this fi eld has achieved remarkable progress. Indeed, excellent reviews are currently available with well -documented examples demonstrating the precise defi nition of catalytic sites and the possibility of recovering the dendritic catalysts [13, 68] . A variety of enantioselective dendritic catalysts are now known which, according to dendritic topology and/or the location/distribution of the catalytic sites, can be categorized into several general types, as summarized in Figure 1 .3 . Most of these dendritic catalysts are related to homogeneous catalysis (a, b, c and d), but some heterogeneously supported dendritic catalysts have also been developed (e). Typically, the dendrimer can adopt the shape of either a sphere (a and b) or a wedge (c and d), and the chiral catalytic site(s) can be located either at the periphery (a, c and e), at the core (b) or at the focal point (d) of the dendrimer. These diversifi ed dendritic structures are very important for defi ning the catalytic performance, including the activity, enantioselectivity, stability and reusability of the catalyst system (dendritic effects). For example, the catalytic sites located at the surface of a periphery -functionalized dendrimer (a, c and e) would be easily accessible to the substrate, allowing reaction rates comparable to those of the homogeneous system. In addition, the multiple reaction sites in a peripheryfunctionalized dendrimer would result in high local catalyst concentrations, which can exhibit positive dendritic effects in cases where cooperative interactions between active sites are needed in the catalysis. On the other hand, for reactions that are deactivated by excess ligand, or in cases where a bimetallic deactivation mechanism is operative, core -or focal point -functionalized dendritic catalysts (b, d) would be especially benefi cial owing to the site -isolation effect by the dendritic structure. The dendritic structure can also demonstrate a signifi cant effect (negative or positive) on the enantioselectivity of an asymmetric catalysis. An elegant review of the many aspects involved in enantioselective catalysis using dendrimer supports is provided in Chapter 4 of this Handbook.
The dendritic catalysts can be recovered and reused using similar techniques as applied for other soluble polymeric catalysts discussed above, including solvent precipitation, column chromatography, two -phase catalysis or anchoring on insoluble supports. Moreover, the globular shapes and large size of the higher generations of dendrimers are well suited to catalyst -product separation by nanofi ltration using a membrane, this being performed either batchwise or in a continuous -fl ow membrane reactor ( CFMR ).
It is clear that the attachment of chiral catalysts to dendrimer supports offers a potential combination of the advantages of homogeneous and heterogeneous asymmetric catalysis, and provides a very promising solution to the catalyst -product separation problem. However, one major problem which limits the practical application of these complicated macromolecules is their tedious synthesis. Thus, the development of more effi cient ways to access enantioselective dendritic catalysts with high activity and reusability remains a major challenge in the near future.
Self -Supported Chiral Catalysts in Asymmetric Reactions
In the above -mentioned immobilization approaches, the chiral ligand is anchored either covalently or noncovalently to an insoluble or soluble support. Recently, another immobilization technique without the need for any external support was developed based on the assembly of multitopic chiral ligand and metals into homochiral metal -organic solids by coordination bonds [69 -74] . The details of the story are described in Chapter 9 of this Handbook. In the simplest case, a ditopic or polytopic chiral ligand bearing two or more ligating units was used to link adjacent metal centers. Alternatively, chiral polyfunctional ligands were used as linkers and metal ions or clusters as nodes to construct homochiral metal -organic solids; however, the active sites were located as pendant auxiliaries on the main chain of the solids. In the former approach, the metal centers were incorporated into the main backbone of the resulting homochiral metal -organic assembly, where they played a dual role of structural binder and catalytically active site. Thus, it is essential that the metals used here should be capable of simultaneously bonding with at least two ligand moieties (same or different), but still have vacant or labile sites available for substrate and/or reagent coordination and activation. For the second approach, a prerequisite for the design is the orthogonal nature of the two types of functional group in the chiral bridging ligands. While the primary functional groups are responsible for connecting the network -forming metals to form extended structures, the secondary chiral groups are used to generate asymmetric catalytic sites with (or without) catalytic metals.
The modular nature of these solids allows for the fi ne -tuning of their catalytic performance through chemical modifi cations on the molecular building units. Once the chiral multitopic ligands are at hand, the synthetic protocols to assembly the homochiral solid catalysts can be quite simple. Combination of the ligand with an appropriate metal precursor in a compatible solvent would result in the spontaneous formation of polymeric structures (or oligomers). This polymerization process involves the successive formation of bonds between a multitopic ligand and a metal, and thus is facilitated by employing a ligand that shows high affi nity towards the network metal. By virtue of the usually poor solubility of the solids in common organic solvents, as well as the chiral environment provided by the ligands, these self -supported chiral catalysts have demonstrated high enantioselectivities and effi ciencies in a variety of heterogeneous catalytic asymmetric reactions. On completion of the reaction, the solid catalyst may be easily recovered by simple fi ltration and reused for several runs, without (in some reported cases) any signifi cant loss of activity or enantioselectivity. In contrast to state -of -the -art heterogeneous catalysts which are mostly amorphous in nature, some homochiral metal -organic catalysts were even obtained in single crystal form with uniformly distributed catalytic sites, a salient feature which is highly desirable for a mechanistic understanding and structure -activity relationship ( SAR ) study of catalytic events which have occurred in or on a solid. The remarkable successes using self -supported metal -organic assemblies in heterogeneous (asymmetric) catalysis suggest a broader scope of application for these materials in the future.
Many challenges remain in this emerging fi eld of heterogeneous asymmetric catalysis, however. Among other things, these solids typically maintain their structural integrity by metal -ligand coordination bonds, which encompass a broad spectrum of strengths. Therefore, beyond activity and selectivity, the stability and compatibility of the metal -organic catalysts with reaction systems is diffi cult to predict and should be addressed with care. To date, very few successful examples using homochiral metal -organic catalysts have been reported, and consequently further exploration of new types of homochiral assembly with a more critical assessment of their strengths and limitations in synthetic applications would be desirable.
Chiral Catalyst Immobilization Using Nonconventional Media
Changing the reaction medium from conventional volatile organic solvents to a form of nonconventional medium, with or without chemical manipulation on the catalyst, represents another type of general strategy used to recover and reuse a (chiral) catalytic system (see Figure 1 .1 ) [75 -83] . In general, an environmentally benign solvent is used as the nonconventional medium, as this can combine the advantages of catalyst recovery with those of ' green chemistry ' . Most frequently, water, perfl uorinated liquids, ionic liquids and supercritical fl uids (usually supercritical CO 2 ) were used as the ' green ' supplants for those environmentally hazardous organic solvents. Catalysis in such a medium can be carried out under either monophasic or biphasic conditions (e.g. aqueous/organic, fl uorous/organic, or other immiscible multiphasic solvent combinations), with a variable degree of solvent effects (positive or negative) on the catalytic reactivity and/or selectivity. With regards to the catalyst recovery/reuse an idealized situation is that, upon completion of the reaction, the products (in organic phase) are effectively isolated by decantation, extraction, distillation or other routine phase -separation technique, while the catalyst remains in the reaction medium ready for reuse and without any decay in activity or selectivity. The potential advantages of these systems include easy catalyst separation and recovery, a reduced environmental impact of common organic solvents and increased safety -all of which are important concerns in the development of industrial catalytic asymmetric processes.
Catalyst Immobilization in Water
Water is abundant, cheap, nonfl ammable, nontoxic and safe to the environment, and is the solvent used by Nature for many biological organic functional group transformations catalyzed by enzymes. For these reasons, water as a reaction medium has attracted much interest in recent years. Indeed, a diverse range of synthetic transformations can be performed in water, and completely new reactivities have been identifi ed in some previously inaccessible reactions. Several excellent reviews are available on this topic [84 -89] . One additional advantage of water important for catalysis is that it allows for easy catalyst separation and is recycled via a biphasic catalysis, by virtue of its low miscibility with most organic compounds [90 -93] . One classical aqueous/organic biphasic catalytic system which has been successfully commercialized is in the hydroformylation of propene using a sodium salt of sulfonated triphenylphosphine as ligand; this renders the rhodiumbased catalyst soluble in water and facilitates its separation from the organic phase containing the product, butanal [94] . Given these facts, it is not surprising to see that asymmetric catalysis with a (recoverable) catalyst in water should represent one of the most attractive goals for synthetic chemists [95 -99] .
However, it is often more diffi cult to achieve high catalytic performance in water than in organic media, partly as a result of the generally poor water -compatibility of both the catalysts and/or the organic substrates. Several approaches have been invoked to achieve asymmetric catalysis in water, including hydrophilic modifi ca-tion of the chiral catalysts by sulfonation or quaternary cation salt formation, the use of chiral amphiphilic additives such as surfactants or phase -transfer catalysts, natural or synthetic water -soluble polymer -supported chiral catalysts, and so on. An insightful discussion on an alternative approach is provided in Chapter 6 of this Handbook, where insoluble polymer -supported chiral catalysts (chiral palladium phosphine complexes supported on TentaGel -type amphiphilic polymer bearing PEG chains) are used for heterogeneous asymmetric processes in water. As illustrated by the elegant examples, this approach combines the advantages of both aqueous reaction and ease of catalyst recovery in one system, with activity and selectivity rivaling that of their homogeneous counterparts. It should be noted that, despite the signifi cant progresses made so far, the potential of polymer -supported chiral catalysts for aqueous reactions has not yet been fully exploited and the fi eld is still far from mature. Hence, it remains an important issue -and a great challenge -to develop recoverable chiral catalyst systems in water, and the number of such systems will surely increase steadily in the future.
Fluorous Phase -Separation Techniques in Catalysis
Fluorous fl uids such as perfl uoroalkanes and perfl uorodialkyl ethers are chemically inert and usually immiscible with most common organic solvents at ambient temperature. Their miscibility with organic solvents, however, improves remarkably with an increase in temperature. This special (thermotropic) solubility feature makes one -phase reaction and two -phase separation possible with a fl uorous/ organic solvent mixture. Pioneered by the seminal studies of Horv á th and R á bai in 1994 for the use of fl uorous biphase systems in rhodium -catalyzed hydroformylation [100] , and which resulted in facile catalyst separation and reuse as well as high productivities, fl uorous biphasic catalysis has attracted much attention as a powerful tool to facilitate catalyst/product separation [101 -109] . In these systems, the reagent, substrate and product are dissolved in an organic solvent, which is in contact with a fl uorous phase containing a fl uorous -soluble catalyst. Analogous in principle to aqueous/organic biphasic catalyses based on water -soluble catalysts, the commonly used hydrocarbon -soluble catalysts must be modifi ed to a ' fl uorouslike ' form in order to dissolve preferentially in the fl uorous phase. This is usually accomplished by attaching perfl uoralkyl chains ( ' fl uorous ponytails ' ) of appropriate size, shape and number to the ligand core of the catalyst, which would render the molecular catalyst fl uorous -soluble. In order to diminish the potentially undesirable electron -withdrawing effects of the fl uorous ponytails, it is often necessary to insert some spacer groups (such as − CH 2 CH 2 CH 2 − ) between the fl uorous ponytail and the ligand backbone. The reaction involving the perfl uoro -tagged catalyst in a fl uorous and organic solvent mixture could proceed either heterogeneously with the catalyst in the fl uorous phase and the substrate/reagents in the organic phase, or homogeneously since some fl uorous biphasic systems can become single -phase at elevated reaction temperatures. On completion of the reaction, the mixture is cooled to room temperature and this results in a restoration of the two immiscible phases. The phases are then easily separated, with the product in the organic phase and the perfl uoro -tagged catalyst in the fl uorous layer; the catalyst can subsequently be reused for further runs in some cases. While fl uorous biphase catalysis has received considerable interest since 1994, and has been the subject of several recent reviews, asymmetric fl uorous catalysis has only been developed during the past decade as a novel technique that allows easy separation and recycling of the expensive chiral catalysts [110] . An overview of enantioselective fl uorous catalysis, including both fl uorous biphase catalysis and homogeneous enantioselective reactions promoted by fl uorous catalysts is provided in Chapter 5 . The chapter also outlines the remarkable achievements and research directions in this rapidly developing fi eld.
Catalytic Reactions in Ionic Liquids
The use of ionic liquids as novel reaction media has generated considerable interest over the past decade, both as a convenient solution to environmental contamination problems caused by volatile organic solvents and as an effi cient method for recycling homogeneous catalysts [111 -123] . Ionic liquids are salts with a low melting point ( < 100 ° C) and a negligible vapor pressure; they produce no atmospheric pollution and thus are regarded as ' green ' solvents. Structurally, ionic liquids are generally composed of organic cations including alkylammonium, alkylphosphonium, N, N ′ -dialkylimidazolium and N -alkyl pyridinium cations, and weakly coordinating inorganic anions such as PF 6 − or BF 4 − , SbF 6 − , and so on. Some ionic liquids are commercially available, or can be prepared via direct quaternization of the appropriate amine or phosphane followed by subsequent anion exchange. It should be noted that the physical or chemical properties of an ionic liquid (e.g. melting behavior, polarity, hydrophilicity/lipophilicity, acidity, stability, etc.) are profoundly affected by the nature of its structural constituents, and as a result the properties can in principle be modulated and fi ne -tuned to the reaction by the suitable combination of cation and anion. For example, variation of the chain lengths of the alkyl groups on the cation has an effect on the lipophilicity of the ionic liquid, thus allowing its handling properties (miscibility with water or organic solvents) to be adjusted. Ionic liquids have been used as solvents for a large number of catalytic reactions [111 -123] . Ionic liquids represent a class of highly polar solvents; they can dissolve a wide range of organic, inorganic and organometallic compounds, and also tend to be immiscible with nonpolar solvents (i.e. hydrocarbons, diethyl ether). Ionic liquids have an especially high affi nity for ionic or polar transition -metal complexes, which allows for the immobilization of many ionic catalysts within them, without modifi cation of the ligands. The catalytic reactions in ionic liquids can be conducted either in a single phase by dissolving in them both substrate and catalyst, or in a biphasic system whereby the catalyst resides in the ionic liquid and the substrate/product in the second phase. Upon completion of the reaction, the product can be isolated by decantation, distillation or extraction with an organic solvent (or supercritical CO 2 ). In any cases, the catalyst should remain dissolved in the ionic liquid during the separation, and both the catalyst and the ionic liquid can be recovered and reused for subsequent runs.
Although the fi rst example of homogeneous transition -metal catalysis in an ionic liquid was reported by Parshall in 1972 [124] , the subject was largely neglected at the time; however, research into this area was revived about two decades later. The use of ionic liquids in asymmetric catalysis was reported even later, beginning with Chauvin ' s report on a catalytic asymmetric hydrogenation and hydroformylation of alkenes in 1995 [125] . Since then, enantioselective catalysis in ionic liquids has attracted remarkable interest as an approach to the facile recycling of expensive chiral ligands and catalysts, and a range of enantioselective catalytic transformations have been examined in ionic liquids [126] . In many cases, ionic liquids have a benefi cial effect on the activities and enantioselectivities, and demonstrate facile recovery and reusability of the ionic solvent -catalyst systems. The reader is referred to Chapter 7 for an excellent review on the development of enantioselective catalysis in ionic liquids.
Enantioselective Catalysis in Supercritical Carbon Dioxide
Over the past decade, the use of supercritical fl uid s ( SCF ) as reaction media has begun to attract increasing attention in synthetic organic chemistry [127 -134] . Both, homogeneously and heterogeneously catalyzed reactions have been performed in SCFs as reaction media, and for details on the properties and catalytic applications of SCFs the reader is referred to a thematic issue in Chemical Reviews [127] . Generally speaking, a SCF is a fl uid at a state (conditions) above its critical point (the critical temperature T c and pressure P c ), where upon it demonstrates both liquid -like (capable of dissolving many organic compounds) and gas -like (fl ow like gases and total miscibility with gaseous reactants such as H 2 , CO, O 2 , etc.) properties, but with no gas -liquid boundaries. The solvent properties of SCFs, such as dielectric constants, viscosity and solubility, can be easily fi ne -tuned by adjusting the temperature and pressure or addition of cosolvents, and this provides an attractive method for controlling the rates and selectivities of catalytic reactions. The excellent miscibility of SCFs with gases tends to make them benefi cial for reactions involving gases, such as hydrogenation, hydroformylation and oxidation with oxygen, where the solubility of the gaseous reactant can be rate -limiting. Among the various SCFs that have been used as reaction media to date, supercritical carbon dioxide ( scCO 2 ) is especially attractive in that it is nontoxic, nonfl ammable, chemically inert to a wide range of reaction conditions, and becomes supercritical at mild conditions ( T c = 31.1 ° C and P c = 73.8 bar). Today, scCO 2 is widely recognized as an environmentally benign solvent, and much attention has been focused on its use in various applications as an alternative to the environmentally damaging organic solvents. Since the fi rst report of asymmetric hydrogenation reactions in scCO 2 in 1995 [135] , some progress has been made in the catalytic asymmetric reactions in SCFs (predominantly scCO 2 ), as summarized in an excellent recent review [136] . Several types of catalytic asymmetric reaction (mainly hydrogenation and hydroformylation) have been investigated in scCO 2 , with excellent results being obtained in some cases. The use of perfl uoro tags on the ligands can considerably increase the otherwise often poor solubility of a polar chiral catalyst in the nonpolar scCO 2 , allowing the reaction to be carried out in a single supercritical phase. A degree of success has also been achieved in the development of new protocols that allow for the separation and reuse of the catalyst in scCO 2 media, by use of the so -called catalysis and extraction using supercritical solutions ( CESS ), or biphasic systems wherein the catalysts are immobilized in an ionic liquid with the substrates and products being dissolved in scCO 2 . The subject of enantioselective catalysis in scCO 2 and the advantages of combined use of ionic liquids and scCO 2 are discussed in Chapter 7 .
Phase -Transfer Catalysis
For the above -discussed biphasic catalysis in liquid -liquid (e.g. aqueous -organic) systems, no additives are used, as the catalyst preferentially resides in a phase which is immiscible with that phase containing the product. One option to biphasic catalysis is to use amphiphilic additives such as phase -transfer catalysts which, by some interaction mechanism, can increase the mobility of a reactant or an intermediate into a favored phase, and thus provide an effective tool for accelerating the reaction and also controlling the selectivity. Phase -transfer catalysis ( PTC ) has been recognized for a long time, and typically involves simple experimental operations and mild reaction conditions, as well as environmentally friendly reagents and solvents [137] . The development of asymmetric PTC was triggered by a pioneering study performed by a Merck research group in 1984 [138] . Since then, several classes of chiral phase -transfer catalysts have been developed for use in asymmetric synthesis, mainly including cinchona alkaloid derivatives, purely synthesized chiral quaternary ammonium salts, and some chiral crown ethers. The synthetic utility of asymmetric PTC has been demonstrated for a wide range of reactions (most frequently involving anionic intermediates), among which the enantioselective alkylation of glycine derivatives has been most extensively studied and has become a powerful approach for the preparation of various α -amino acids [139 -146] . The reactions can be performed in either solid -organic or aqueousorganic biphasic systems, typically with moderate to relatively high catalyst loading (1 to 20 mol%). Although, in most cases it is diffi cult to recover the catalyst, recent efforts using polymer -supported cinchona alkaloid -derived ammonium salts or fl uorous chiral phase -transfer catalyst have resulted in notable achievements towards this direction [146] . Several recent reviews summarizing the achievements and highlighting the future perspectives of asymmetric PTC are described in Chapter 11 .
Immobilization of Chiral Organic Catalysts
Since the 1990s, organocatalysis has become established as an extremely important alternative methodology to enzymatic or organometallic catalysis in the fi eld of asymmetric catalysis [147 -150] . In general, an organic catalyst can be defi ned as a relatively simple low -molecular -weight organic compound which can promote a chemical transformation in substoichiometric quantity. By virtue of its metal -free nature an organocatalyst can, in principle, be advantageous in comparison with its metal -based counterpart in terms of reaction handling, catalyst stability and complete freedom of metal contamination in the product. Compared with naturally occurring catalysts (enzymes), organic catalysts are structurally simpler, more stable, less expensive, have a broader application scope and can demonstrate excellent selectivities in some cases. With regards to the catalyst immobilization, organic catalysts may also possess certain advantages over both enzymes (diffi cult to manipulate) and metal -based catalysts (generally suffer from metal leaching). Several types of achiral or chiral organic catalyst supported on either organic polymers (soluble or insoluble) or inorganic matrices have been developed for a range of reactions, and with varying degree of successes. Several reviews are available relevant to this subject [151 -153] , and these are detailed in Chapter 8 . Although the development of immobilized chiral organic catalysts remains fi rmly in its infancy stage, the fi eld of research is expected to expand greatly in the future in view of the present ' gold rush ' in organocatalysis.
Chirally Modifi ed Metal Surface for Heterogeneous Asymmetric Hydrogenation
Conceptually different from the above -discussed strategies that have been applied in the immobilization of homogeneous chiral catalysts, the modifi cation of an active metal surface by an adsorbed chiral modifi er has been shown to be very successful for heterogeneous asymmetric catalysis [154 -166] . In this approach, an achiral solid (most frequently a metal surface) is used in combination with a suitable chiral organic compound (chiral modifi er) as an inherently heterogeneous asymmetric catalysts. While the metal is responsible for catalytic activity, the surface -adsorbed chiral modifi er can induce stereochemical control of the reaction via some type of mutual interaction with the substrate. Due to the many technical advantages associated with heterogeneous catalysis, such as easy separation and possible reuse of the catalyst and facile modifi cation to continuous process operation, research in this fi eld has been attracting a longstanding interest from both academia and industry. During its rather long history of development, this strategy has achieved prominent successes predominantly in the enantioselective hydrogenation of several types of prochiral substrate. A high substrate specifi city is observed when using a chirally modifi ed metal surface as a heterogeneous catalyst in hydrogenations, as by far only a limited number of metal -modifi er -substrate combinations can provide enantioselectivities that are useful for synthetic applications. Three types of widely recognized effi cient catalyst system have been developed based on the chiral modifi cation of metal catalysts: (i) the nickel -tartrate -NaBr system for the hydrogenation of β -ketoesters, β -diketones and methyl ketones; (ii) the platinum -cinchona alkaloid system for the hydrogenation of α -ketoesters, α -ketoacids and lactones; and (iii) palladium catalysts modifi ed with cinchona alkaloids for selected activated alkenes. Even though the substrate scope is still relatively narrow, high enantioselectivities which are useful for technical applications have been achieved in the hydrogenation of some specifi c reactants. The mechanism involved has also received much attention, the aim being to understand the adsorption of the modifi er onto the metal surface and its interaction with the reactant, to interpret and predict the catalytic behaviors of the systems, as well as to facilitate the rational design of a suitable modifi er. By using a combination of surface techniques, spectroscopic studies, computational modeling and kinetic studies, considerable mechanistic insight has been obtained, especially in the enantioselective pyruvate hydrogenation over Pt [162] . Nevertheless, a rational design of suitable metal/modifi er catalytic systems still represents an extremely challenging goal at the present stage, and continuous endeavor in this direction should be of prime importance from both practical and theoretical viewpoints. Last, but not least, the use of an achiral heterogeneous catalyst and a chiral modifi er as asymmetric heterogeneous catalyst is not limited to hydrogenations. For example, recently developed new catalyst -modifi er systems based on NAP -MgO ( nanocrystalline aerogel -prepared magnesium oxide ) have proven very successful for a variety of asymmetric reactions [167, 168] . Chirally modifi ed metal nanoparticles have also been successfully tested in the enantioselective hydrosilylation of styrene [169] , allylic alkylation [170] , and Pauson -Khand -type reactions [171] . Although the catalyst -modifi er systems other than those for hydrogenations are not described in Chapter 10 of this Handbook, these encouraging discoveries nonetheless underline the enormous application potential of the present strategy for asymmetric heterogeneous catalysis.
Heterogeneous Enantioselective Catalysts in Industrial Research and Application
As evidenced by the numerous publications in the fi eld of heterogeneous asymmetric catalysis, over the years a large number of variously immobilized chiral catalysts -as well as several types of chirally modifi ed catalyst -have been developed for a broad range of enantioselective reactions. Although some of these catalysts have demonstrated excellent performances in terms of activity, enantioselectivity, stability and/or reusability, the number of recognized industrial processes that use heterogeneous enantioselective catalysts for the commercial production of chiral compounds remains extremely small [172, 173] . As summarized in Chapter 12 , to date only a few chirally modifi ed heterogeneous hydrogenation catalysts (cinchona/Pt and Ni/tartaric acid/NaBr) are used industrially in the production of chiral intermediates. None of the immobilized chiral metal complexes has been applied industrially for large -scale production, despite several types of immobilized catalysts having demonstrated good potential for technical applications. Clearly, with few exceptions, most of the heterogeneous catalytic asymmetric methodologies developed to date have not been suffi ciently mature to compete with alternative industrial methods (e.g. homogeneous catalysis, racemic mixture resolution). But this is not so surprising as it fi rst appears, given the following general considerations. First, the inherent complexity associated with most heterogeneous systems makes the prediction of their catalytic performances extremely demanding. The often cumbersome immobilization procedure may considerably increase development time/costs, rendering the catalyst screening for a targeted reaction an even more challenging task. To make things worse, most of the immobilized metal complexes have suffered from problems of reduced activity and/or degraded enantioselectivity compared to their homogeneous counterparts as a result of the unintentional impact of supports on the active sites.
Nevertheless, we believe that heterogeneous asymmetric catalysis is -and will continue to be -an important fi eld in the future, in view of its undisputable advantages over homogeneous counterparts with regards to separation and economy. To date, chemists have developed, with varying degrees of success, a wide variety of heterogenization techniques which will steadily broaden their applicability in the future. Finally, the identifi cation of more economic and reliable heterogeneous asymmetric catalytic systems with high activity, selectivity, stability and reusability remains a challenging, but very worthwhile, goal which calls for collaborative efforts from both industry and academia.
